INTRODUCTION
Rolling circle amplification (RCA) of circularizable oligonucleotides ("padlock" probes) is a sensitive method for the detection and amplification of short DNA sequences. The padlock probe (1) consists of a singlestranded oligonuceotide whose 5′ and 3′ ends hybridize to a target of interest and are then ligated to create a singlestranded circular DNA molecule, which is then a substrate for RCA (2, 3) . The sensitivity of DNA ligase to mismatches and the fact that the ligated probe will remain hybridized to the target when subjected to stringent washing conditions result in a very high signal-to-noise ratio. As such, padlock probes are useful tools for the detection of gene sequences and variants because the target can be detected directly (2) . Since the regions of the probe not involved in target binding are arbitrary, they can be designed to encode hybridization targets for differentiable probes or other sequence moieties that facilitate simultaneous multiplexed analysis (4, 5) . Such strategies are generally less susceptible to cross-reactions than PCR (6) .
Padlock probes and RCA have also been successfully coupled with fluorescence in situ hybridization (FISH) protocols to detect genes of interest, because RCA products can be visible under a fluorescent microscope (7, 8) . However, RCA is a linear amplification process, and it can take several hours to obtain a detectable signal. For more rapid solution phase assays, secondary amplifications schemes including circle-to-circle (9) and hyperbranching (4) [also known as cascade RCA (10) or ramification amplification (11) (12) (13) ] have been developed. Circleto-circle amplification is a multiplicative process that requires several repetitions of a process that includes changes in temperature and addition of reagents. Hyperbranching uses two primers to initiate RCA and then prime a cascading series of displacement syntheses, as is done with wholegenome amplification (14) (15) (16) (17) , forming a branched DNA structure. It has been shown that ramification amplification can detect 10 target molecules in 90 min (11, 18) .
Quasi-exponential isothermal amplification using strand-displacing DNA polymerase has been achieved by loop-mediated isothermal amplification (LAMP) (19) . The LAMP method uses four primers to specifically amplify a short region (∼100 bp) of DNA. The outer primers are used for strand displacement, which bump the product produced by an inner primer, and the inner primers contain sequences of the sense and antisense strands of the target DNA that can fold over and be used for self-priming in later stages. The result is a family of concatemeric products. LAMP has been used to rapidly detect pathogens such as Salmonella and West Nile virus (20) (21) (22) (23) (24) , and an accelerated form of LAMP, using additional loop primers, more than doubles the speed of the reaction (25) . The isothermal nature of LAMP, similar to RCA, is very attractive for field applications in which thermal cycling methods such as PCR may be difficult to implement. This paper describes a method that combines the benefits of the padlock probe and RCA with the speed of LAMP. First, a padlock probe is used to hybridize to the region of interest. After the padlock probe is ligated, the first of two loop primers, designed like the two inner primers of LAMP, primes RCA. The RCA concatemer product is then multiply primed by the other loop primer, creating displacement products that undergo LAMP. The RCA-LAMP reaction is a very rapid amplification as compared with a hyperbranching reaction.
MATERIALS AND METHODS

Oligonucleotides
All primers and padlock probes were purchased from Integrated DNA Technologies (Coralville, IA, USA). The sequences of all oligonucleotides used in this study are shown in Table  1 . The padlock probe is diagrammed in Figure 1 . The primers for hyperbranching are abridged versions of the LAMP primers. 
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Template DNA:
Padlock Probe:
1. The padlock probe hybridizes to DNA sequence of interest, and its 5 and 3 ends are ligated together. If the padlock probe is not ligated, the primers cannot begin replication of any long strands of DNA.
BIP:
FIP:
2. BIP binds to the ligated padlock probe and begins RCA.
3. FIP will then bind to RCA product and start replication.
4. The product that extends from FIP will be displaced by the product from the FIP "behind" it, and the single-stranded DNA will hybridize to parts of itself. The 3 end will begin replication.
5. BIP can bind to the loop in the resulting structure and begin replication while displacing the strand that is already hybridized.
7. Now, FIP can bind to the single-stranded loop, and the process continues.
8. The 3 end of the single-stranded DNA strand will fold over and begin replication. The process continues as long as reagents are available. Several strands will slowly get longer and longer while shorter strands keep getting displaced and become longer strands.
6. The 3 end of the single-stranded DNA will fold over, hybridize to itself, and begin replication, displacing the strand that was just synthesized.
+
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Figure 1. Representation of rolling circle amplification loop-mediated isothermal amplification (RCA-LAMP).
The 3′ ends are marked by an arrow. The padlock probe hybridizes to the sequence of interest and is ligated. RCA will only proceed from the BIP primer if the padlock probe has been ligated, otherwise the probe will be made double-stranded, and the reaction terminates. The FIP primer binds each concatemer within the RCA product, initiates DNA polymerization, and displaces the newly synthesized strand upstream. The displacement products then undergo the LAMP process. The LAMP product is encoded such that the sequence amplified is continuous only after padlock probe ligation (diagrammed in Step no. 1). Template for p53 5′-GGGCGGCATGAACCGGAGGCCCATCCTCACC-3′
Padlock probe for p53 5′-GGTTCATGCCGCCCGTTCGGGCAATTCGTTATTGGCCCCTATAGTGAGTCGTATTAGTCTTCTCTATTGT-
CACCGTACATCTCGGAATCAAGCTGGCATTATCGATCAGTACCAGTGTAGTACAGCAGCAGCATTGCCGGT-GAAATTATCGCCACAGGCCTTTAAATATTCTCGAG AGGCCTTTAAATATTCTCGAG AGGCCT GGTGAGGATGGGCCTCC-3′
BIP binds to the sequence that is underlined in bold. FIP binds to the complement of the sequence that is underlined. The StuI recognition sequence is denoted in italics, and the portion of the padlock probe that binds to the sequence of interest or template is in bold. RCA-LAMP, rolling circle ampli cation loop-mediated isothermal ampli cation. 
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Isolation of Single-stranded Circles
Pure circles were prepared by ligating the padlock probe, then eliminating excess DNA using Exonuclease III and Exonuclease T (both from New England Biolabs). The padlock probe (100 nM) was hybridized to the template (300 nM) and then ligated using T4 DNA ligase (New England Biolabs) in T4 ligase buffer for 2 h at 37°C. The DNA was then concentrated using a Nucleotide Cleanup kit (Qiagen, Valencia, CA, USA) and eluted with water. Exonuclease III was used to cleave nucleotides from doublestranded DNA (i.e., the unligated padlock probe that had hybridized to the template DNA). The Exo III reaction was in NEBuffer 1 (10 mM Bis-Tris-propane-HCl, 10 mM MgCl 2 , 1 mM dithiothreitol; New England Biolabs) and incubated at 37°C for 1 h. The enzyme was inactivated at 70°C for 20 min, and the Nucleotide Cleanup kit was used again to prepare the DNA for the next step.
Exonuclease T was then used to digest single-stranded oligonucleotides (i.e., the template and the unhybridized, unligated padlock probe). The reaction contained the DNA, ExoT, and NEBuffer 4 (20 mM Tris-acetate, 50 mM potassium acetate, 10 mM magnesium acetate, 1 mM dithiothreitol; New England Biolabs) and was kept at 25°C for 1 h before heat inactivation of the enzyme at 65°C for 20 min. After a final cleanup, the isolated circles were verified using a 10% Tris/Borate/EDTA (TBE)-urea denaturing polyacrylamide gel (Invitrogen), and the DNA concentration was measured on the NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
RESULTS AND DISCUSSION
The RCA-LAMP amplification scheme is illustrated in Figure 1 . The padlock probe hybridizes to the sequence of interest, and the 5′ and 3′ ends are ligated to each other resulting in a continuous single-stranded DNA circle. The BIP primer hybridizes to the padlock probe and primes RCA. The FIP primer can bind to several spots on the resulting strand, begin replication at all of those spots, and displace the strands in front. The LAMP primers fold back upon the strand that they just synthesized, and when the 3′ end of a single-stranded piece of DNA folds back upon itself, it can begin replication of its own strand. Finally, the single-stranded loop that is formed when the 3′ end folds back upon itself contains the sequence that either one or the other primer can bind to and continue replication and displacement of the DNA. Figure 2 shows the result of the RCA-LAMP reaction with positive and negative controls. The reactions were run for 30 min. The lane containing the reaction without the FIP primer likely resulted in RCA, but because the reaction was only run for 30 min, there was not enough product to visualize on the gel. The results show that the ligated padlock probe and both primers are necessary for the reaction to occur, and the reaction yields are substantial. As the displaced reaction products lengthen, several products in different states of amplification produce a smear. The inclusion of the StuI recognition sequence in the padlock probe allowed for an StuI digest to test for the correct RCA-LAMP was compared with the established hyperbranching process using the same padlock probe and hyperbranching primers that recognized the same sites as the LAMP primers. Figure 3 shows that the RCA-LAMP reaction and the hyperbranching reactions can amplify a given number Figure 3A) , each 10-fold decrease in the number of starting circles shows a consistent delay in amplification time and a rapid amplification from a few number of DNA circles; namely 100. As the number of circles was titrated below 100, the results became inconsistent (data not shown). The RCA-LAMP reaction consistently amplified ligated circles more rapidly than the hyperbranching reaction. When the reaction begins, there is a gradual increase in background fluorescence associated with the RCA-LAMP reaction, most clearly observed with the negative control. This is thought to be a product of the long primers folding and forming stem-loop structures that the polymerase can extend to the end of the 5′ end of each primer. This activity levels out after about 40 min and is clearly distinguishable from the positive controls.
The highly prolific RCA-LAMP amplification process is very sensitive to contamination, particularly since the early displacement products can seed the reaction. It is essential to ensure careful procedures to minimize contamination, as with PCR. For this study, careful separation of each step of the process (i.e., the amplification products were kept away from the reagents) and the addition of a mineral oil helped to control the spread of the product. Another technique that can be used is to add dUTPs instead of dTTPs to the reaction and treat the tube with uracil-DNA N-glycosylase to eliminate contaminants from previous reactions. Also, large amounts of unligated padlock probes can lead to inappropriate amplification as seen with the hyperbranching reaction (26) (27) (28) . Depending on the application, this can be dealt with by first purifying the target and then running the amplification reaction (12, 13) .
Nonspecific DNA sequences may also trigger the amplification reaction to occur. This is another reason to purify the ligated circles before running the RCA-LAMP reaction. In the cases where a nonspecific DNA sequence has triggered amplification, the StuI digest did not result in the proper restriction fragments. And since padlock probes can encode a variety of secondary detection moieties such as restriction sites or sequences for fluorescent probes to hybridize to, these false positives can be distinguished from true positive results.
The RCA-LAMP reaction couples the specificity of padlock probes with a very rapid isothermal amplification process that allows for rapid detection of a DNA sequence of interest from a relatively small number of molecules. Like hyperbranching, this method combines the specificity and designability of a padlock probe with a secondary amplification scheme,
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which may allow a single reaction containing one set of primers and multiple padlock probes to probe for several sequences of interest (29) . Each padlock probe can be designed to probe for distinct sequences, and because the sequences of the padlock probes are different from each other, the products from each of these padlock probes can be distinguished by unique hybridization probes. By combining the ability of padlock probes to probe for short sequences of DNA with the very rapid LAMP reaction, the RCA-LAMP reaction may be particularly useful for frontline genetic detection applications, such as the detection of bioweapons or infectious agents.
